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Abstract: The effects of different aluminum species on malate dehydrogenase (MDH) 
activity were investigated by monitoring amperometric i-t curves for the oxidation of 
NADH at low overpotential using a functionalized multi-wall nanotube (MWNT) modified 
glass carbon electrode (GCE). The results showed that Al(III) and Al13 can activate the 
enzymatic activity of MDH, and the activation reaches maximum levels as the Al(III) and 
Al13 concentration increase. Our study also found that the effects of Al(III) and Al13 on the 
activity of MDH depended on the pH value and aluminum speciation. Electrochemical and 
circular dichroism spectra methods were applied to study the effects of nano-sized 
aluminum compounds on biomolecules. 
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1. Introduction 
Aluminum is the most abundant element in the Earth’s crust, and since 1980s a considerable release 
of aluminum to the environment has occurred due to the increased input of acids, which has brought 
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about a burgeoning human exposure to aluminum during everyday life activities and poisoning of the 
ecological system as well as damage to human health [1-3]. It has been reported that the major 
constituent of antiperspirants are aluminum salts which have long been associated with cancer [4] as 
well as other human diseases [5]. Aluminum is an important relevant etiological factor in several 
diseases, such as dialysis dementia, Alzheimer’s disease, Parkinson’s disease, osteomalacia and  
anemia [6-10]. It is a pro-oxidant and can significantly increase the potential for oxidative damage in 
the skin [11,12]. Recent in vitro studies have shown that Al(III) could inhibit the activity of enzymes 
which catalyze the tricarboxylic acid (TCA) and glycolytic cycles, thereby the production of energy 
generated by mitochondrial cell was negatively affected [13]. It has been suspected that the toxicity of 
aluminum depends on its various polynuclear species that exist at different pH values. Therefore, it is 
reasonable to presume that different aluminum species may display different effects on the activity of 
biological enzymes.   
In recent years, the widespread use of novel nanoparticles has led to unforeseen health or 
environmental hazards to humans or other species, and the diversity of health and safety regulations 
has puzzled us [14]. With thousands of novel materials under investigation, there are several reports on 
the toxicity of nanomaterials, such as fullerene and its derivatives, quantum dots, nano-oxides 
(titanium dioxide, silica, zinc oxide, alumina, etc.) [15-19]. As a new type clarifying agent, 
nanometer-sized tridecameric aluminum polycation (nano-Al13, also called nano-polynuclear Al13) 
shows more effective coagulation effects and rapid aggregation rates over a relatively wider pH range, 
and is widely applied in water treatment. It is also used in a number of commercial products such as 
pillared agents, antacids, antiperspirants and surface active agents [20-23]. This has given rise to a 
debate as to whether Al13 exists ubiquitously in Nature, but there are some reports about Al13 formation 
in the environment. For example, it has been found that Al13 could be formed under some natural 
conditions such as in streams and lakes where water of differing acidity is mixed and in groundwater 
areas where water flows through basic materials [24]. Hunter et al. found Al13 in organic soils in acid 
forests in America [25], but Masion et al. called into question that report [26]. It has been reported that 
nano-Al13 is probably the real species under the physiological condition, and the Al(OH)3 formation 
process requires the presence of nanopolynuclear Al13 as a precursor. Furrer et al. found that in some 
acidic waters, flocculent deposits of Al were formed by the accumulation of Al13 [27]. V. Rao and  
J. Rao [28] have provided evidence for the presence of the Al13 polymer inside the synaptosomes, but 
this has aroused controversy among researchers. It has been found that Al13 has 10-fold higher toxicity 
to plant roots compared to monomeric Al
3+ and toxicities comparable to monomeric Al in algae [29]. 
Al13 introduced into lakes and rivers may be toxic to fish [30]. In this paper, we have studied the 
biological effects of Al13 in vitro under physiological conditions. Malate dehydrogemase (MDH) exists 
in all creatures and has been isolated from many diverse sources [31]. It is a key enzyme in eukaryotic 
and prokaryotic cells that catalyzes the reversible conversion between malate and oxaloacetate with 
strict substrate specificity in the presence of the coenzyme nicotinamide adenine dinucleotide 
[NAD(H)]. The biological functions of MDH are various, including energy generation in mitochondria, 
reactive oxygen species metabolism in plants, etc. It is also essential to many metabolic pathways such 
as the TCA cycle, photosynthesis, C4 cycle and so on. Porcine heart MDH has been extensively used 
as a model oligomeric enzyme for structural and kinetic studies to explain the significance for catalysis 
or allosteric regulation [32,33]. Sensors 2011, 11                              
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In our previous investigation, we examined the effects of Al(III) and nano-Al13 species on the activity 
of glutamate dehydrogenase (GLDH) by electrochemical methods using a functionalized MWNT-GCE. 
It is weel known that electrochemical analysis is a powerful tool to trace metal ions and biomolecules in 
biological systems with a number of remarkable advantages such as high sensitivity, faster and more 
reliable results, simple instrumentation and operation procedures and lower cost. In the past few decades, 
the analysis of enzymes by electrochemical methods has been reported. Gao and Xin [34] studied the 
effects of lanthanide ions on the kinetics of GLDH by a chronoamperometric method using a bare glassy 
carbon electrode (GCE). Bi et al. investigated the effect of Al(III) and Al13 on the activity of LDH by 
differential pulse voltammetry using a hanging mercury drop electrode (HMDE) [35]. Yang et al. have 
reported their electrochemical studies on the inhibition and activation effects of Al(III) on the activity of 
bovine liver GLDH with HMDE [36]. In recent years, more and more researchers have turned their 
attention to the application of modified electrodes in biochemistry for their excellent catalytic properties. 
Zhuang et al. [37] have explored the electrochemical properties of unfunctionalized single-walled carbon 
nanotubes (SWNT) as nanometer-sized activators in enzyme-catalyzed reactions and experiments 
showed that the modified electrodes could be successfully used to monitor the activity of LDH. 
The effects of a number of regulators, such as anions [38], metal cations [39], amino acids and 
nucleotides [40] on the activity of MDH from various organisms have been studied. However, so far 
there has been no study on the effects of Al species compounds on the activity of the enzyme MDH. In 
this work, an electrochemical technique was used to detect the oxidation current of NADH at low 
potential which can describe the MDH activity. Based on the sensitive and stable i-t curve of NADH 
on the modified electrode, we successfully explored the effects of various aluminum species, 
especially nano-Al13, on the activity of MDH. Meanwhile, some other factors which may influence 
MDH activities were also investigated. 
2. Materials and Methods 
2.1. Materials and Instrumentation   
Malate dehydrogenase (MDH, EC, 1.1.1.37) from porcine heart, oxaloacetate and β-nicotinamide 
adenine dinucleotide (NADH, NAD
+) were purchased from Sigma (St. Louis. MO, USA). 
Multi-walled carbon nanotube (MWNT, less than 10 nm in diameter and 0.5–500 nm in length with 
purity > 95%) was obtained from Shenzhen Nanotech Port Co., Ltd. (Shenzhen, China). All other 
chemicals were of analytical reagent grade. All solutions were prepared with doubly distilled water. 
Tris-HCl buffer solution was prepared by dissolving an appropriate amount of tris(hydroxymethyl)- 
aminomethane and then adjusting the pH value with concentrated HCl. The Al stock solution was 
prepared by dissolving high purity metallic Al powder (99.99%) in hydrochloric acid at pH < 2 to 
prevent hydrolysis of Al
3+ ion. Then the stock solution was diluted with doubly distilled water. 
Electrochemical measurements were performed using a CHI660B electrochemical system (CH 
Instruments, Chenhua Inc., Shanghai, China). A three-electrode configuration, which was employed, 
consist of a MWNT-modified GC or a bare GC electrode as a working electrode，platinum wire and 
saturated calomel electrode (SCE) as auxiliary electrode and reference electrode, respectively. Before 
the electrochemical experiments, the Tris-HCl buffer solution was degassed for at least 20 min by Sensors 2011, 11                              
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bubbling high-purity nitrogen gas and the solution was kept in a nitrogen environment to prevent 
oxidation. Circular dichroism (CD) spectra were measured on a JASCO-810 instrument. 
2.2. Preparation of MWNT-CHIT Modified Electrode 
Twenty milligrams of MWNT were dispersed in 30% HNO3 (30 mL) and the resulting mixture was 
then refluxed for 24 h at 140 °C as described in reference [41]. The resulting suspension was 
centrifuged and the precipitate was washed with water to obtain carboxylic group functionalized 
MWNT. The obtained functionalized MWNT was completely dispersed in water at pH 1.0 to prepare  
a 5 mg mL
−1 MWNT suspension, which was then neutralized to pH 7.0 with 0.1 M NaOH. A 1.0 wt% 
chitosan (CHIT) stock solution was prepared by dissolving chitosan flakes in hot (80–90 °C) aqueous 
solution of 1% HOAc. The solution was cooled to room temperature, and its pH was adjusted  
to 3.5–5.0 using a concentrated NaOH solution. A MWNT- CHIT solution was prepared by mixing the 
obtained functionalized MWNT suspension and the CHIT solution. The aqueous mixture was then 
sonicated for 30 min to obtain a homogeneous suspension. The glassy carbon electrode (GCE) was 
successively polished to a mirror finish using 0.3-μm and 0.5-μm alumina slurry followed by rinsing 
thoroughly with doubly distilled water. After successive sonication in absolute alcohol and doubly 
distilled water, the electrode was rinsed with doubly distilled water and allowed to dry at room 
temperature. The MWNT-CHIT modified electrode was prepared by casting 1.2 μL of MWNT-CHIT 
solution on the surface of GCE, and then was dried at room temperature. The electrode was stored in a 
desiccator when not in use. 
2.3. Synthesis of Nano-Polynuclear Aluminum Sulfate   
A 0.25 M aluminum chloride solution (25 mL) was heated and kept a 70 °C using a thermostat. 
Then 0.25 M NaOH solution (60 mL) was slowly added with accurate control of the rate of addition 
under continuous stirring. The obtained solution was kept 24 h at room temperature, then 0.1 M 
Na2SO4 solution (62.5 mL) was added. After ten min. of reaction, the solution was filtered and then 
aged for 48 h. The crystals isolated by centrifugation were washed twice with distilled water and 70% 
ethanol solution, respectively, then air-dried and stored in a desiccator for future use. The X-ray 
diffraction (XRD) and NMR spectra of the obtained crystal matched well with previous reports [42,43], 
which proved that the nano-polynuclear aluminum sulfate has been successfully synthesized by our 
proposed method. 
2.4. Effects of Aluminum Species and Interference Factors on MDH Activity in the MDH Reaction System 
Tris-HCl butter solution (5 mL) was transferred into the electrolytic cell, and degassed for 10 min 
by bubbling N2 gas through it. The experiment was carried out at a constant temperature and a N2 
atmosphere was kept over the solution throughout the measurement. A measured amount of different 
Al species stock solution or other factors such as GSSG and D-Glu were transferred into the 
electrolytic cell and the solution was stirred magnetically. Then 0.01 mM oxaloacetate (20 μL)  
and 0.01 mM NADH (20 μL) were added into the electrolytic cell. After injecting MDH into the assay, 
the enzymatic reaction initiated and the oxidation current of NADH were recorded in amperometric i-t 
curve mode on the MWCNT-modified electrode. Sensors 2011, 11                              
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2.5. Determination of Michaelis Constant Km and Maximum Velocity Vmax for NADH   
Five milliliters of Tris-HCl buffer solution was added into the electrolytic cell and degassed  
for 10 min by bubbling nitrogen gas through it. The experiment was carried out at a constant 
temperature and a nitrogen atmosphere was kept over the solution throughout the measurement. Then 
0.01 mM oxaloacetate (20 μL) and 0.1 M NADH (10, 20, 30, 40, 50 μL) were added to the electrolytic 
cell. The oxidation currents of NADH were recorded in amperomentic i-t mode. The Michaelis 
Constant Km and Maximum Velocity Vmax for NADH were calculated. 
3. Results and Discussion   
3.1. Electrochemical Response of MWNT-CHIT Modified Electrode to NADH 
Figure 1(A) shows the cyclic voltammograms of the bare and MWNT-CHIT modified electrodes  
in 5 mL tris-HCl buffer solution (pH 7.5) containing 0.5 M NADH recorded with a scan rate of  
10 mV s
−1. No peak was observed with a bare GCE (curve a) without adding NADH. Upon the 
addition of NADH, the oxidation resulted in an oxidized peak with the anodic potential of +0.6 V vs. 
SCE at the bare GCE (curve b), whereas the modified electrode exhibited a dramatic enhancement in 
the peak value of NADH oxidation at 0.32 V (curve c).   
Figure 1. (A) Cyclic voltammogrames of the oxidation of NADH on (a) bare electrode 
without NADH; (b) bare electrode in 5 mL pH 7.5 Tris-HCl buffer solution containing  
0.5 mM NADH; (c) MWNT-modified electrode in 5 mL pH 7.5 Tris-HCl buffer solution 
containing 0.5 mM NADH. Scan rate, 10 mV s
−1. (B) Amperometric responses of the 
MWNT-modified electrode to NADH in Tris-HCl buffer solution (pH 7.5) at 0.32 V. The 
addition of NADH is 5 μL each time at the interval of 50 s. 
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The pair of broad redox peaks appearing in curve c at the potentials of −0.16 V and −0.10 V could 
be ascribed to the reduction and oxidation of oxygen-containing groups on the functionalized MWNT 
surface, respectively, in agreement with a previous report [41]. The background currents of curve c are Sensors 2011, 11                              
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much larger than those of curves a and b, which may be attributed to the fact that the apparent surface 
area of MWNT-GCE is larger than that of a bare GCE. The substantial negative shift of the anodic 
peak demonstrated that the modified electrode is very effective in promoting the electrochemical 
oxidation of NADH. The stability of the modified electrode was studied by repetitively cycling the 
electrode in a solution of NADH, and it was found that the modified electrode could retain 96% of its 
initial current response after 50 repetitive scanning cycles. The storage stability of modified electrode 
was examined by checking the response current periodically and it only showed 8% loss of initial 
value after a storage period of three weeks. The results suggested that the proposed modified electrode 
could successfully decrease the overpotential of the oxidation of NADH, and displayed perfect 
stability for the oxidation of NADH. 
The analytical performance of the modified electrode was tested by recording the amperometric 
response of the oxidation of NADH. Figure 1(B) shows the amperometric i-t curve for the oxidation of 
NADH on the MWNT-CHIT modified electrode with a fixed potential of 0.32 V in a stirred Tris-HCl 
of pH 7.5 and NADH was injected at regular interval. A gradual increase in the current with each 
addition was observed and the amperometric response was stable upon repeating the injection. The 
response displayed a linear range from 0.3 to 750 μM with a correlation coefficient of 0.999 and slope 
of 7.9 nA/μM. The electrocatalytic behavior was highly reproducible, as reflected by relative standard 
deviations of 3.9 and 4.2% for five determinations at NADH concentrations of 3.0 and 150 μM. A 
relative standard deviation of 3.2% was estimated from the slope of the calibration plots at five freshly 
prepared MWNT-modified electrodes. The excellent analytical performance of the modified electrode 
indicates that it can be used to detect the electrochemical signal change of NADH in the catalytically 
reaction of oxaloacetate by MDH which was used to describe the activity of MDH. It has been reported 
that at the beginning of the enzyme-catalyzed reaction, the current It decreased linearly with time in a 
short time span. According to that, the initial rate (v0) could be calculated from the initial slope of the 
enzyme-catalytic reaction progress curve which was used to describe the enzymatic activity.   
The Fourier Transform infrared (ATR-FTIR) spectrum could further confirm the fine 
immobilization of MWNTs. The oxygen-containing groups on the MWNTs introduced during the 
purified process as a medium of electrons in the process of the oxidation of NADH made the electron 
transferring easier, so the successfully introduced oxygen-containing groups could effectively enhance 
the oxidation of NADH. 
3.2. The Electrochemical Response of Enzyme-Catalyzed Reaction   
Malate is a key product of plant metabolism and thought to be the ultimate product of glycolysis [44]. 
The enzyme-catalyzed reaction of oxaloacetate reduction by MDH utilizing NADH as coenzyme can 
be expressed as follows: 
Oxaloacetate +NADH + H
+ ↔ Malate + NAD
+ 
The cyclic voltammogram recorded at the modified electrode in 1M oxaloacetate +1 M NADH
 +  
100 M Tris-HCl buffer (pH 7.5) showed that the peak potential of NADH oxidation was 0.32 V. Thus, in 
our amperometric i-t experiments, a potential of 0.32 V was set and the amperometric i-t curve was 
recorded, as shown in Figure 2(A). It is clear that there is no obvious current change without adding 
MDH [Figure 2(A)-a], whereas with the addition of 10 μL MDH (10 mg mL
−1) to the assay solution, the Sensors 2011, 11                              
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anodic oxidative current of NADH gradually decreased [Figure 2(A)-b], which means that the MDH 
catalytic reaction started and finally reached reversible equilibrium. It is, therefore, evident that the 
amperometric i-t technique using the MWNT-CHIT modified electrode could accurately determine the 
MDH activity in an enzymatic catalytic reaction by tracing the decreasing NADH oxidation current. 
Figure 2. Amperometric response of the MWNT-modified electrode to the oxidation of 
NADH in a well-stirred assay mixture: 1 mM oxaloacetate + 1 mM NADH
 + 100 mM 
Tris-HCl buffer (pH 7.5) + MDH (A) (a) 0 μL MDH (b) 10 μL MDH. (B) (a) no Al (III) 
and Al13 (b) 30 μM Al (III) (c) 30 μM Al13. 
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3.3. Effects of Al(III) and Nano-Al13 on MDH Activity 
In order to investigate the effects of Al(III) and nano-Al13 on the enzyme activity, 30 mM Al(III) 
and nano-Al13 was added to the assay mixture, and the amperometric i-t curves of the oxidation current 
of NADH were measured. As shown in Figure 2(B), curves b and c became sharper compared with 
curve a, which indicated that the consumption of NADH became faster. The results may be explained 
by assuming that Al(III) and nano-Al13 had an activating effect on the activity of the MDH enzyme and 
could accelerate the enzyme-catalyzed reaction. Moreover, a much larger change can be observed in 
curve c than in curve b, which demonstrated that the effect of nano-Al13 on MDH was higher than that 
of Al(III) species in aqueous solution. The results were further proved by the respective Michaelis 
constant Km and Maximum velocity Vmax values, as shown in Table 1. 
Table 1. The effects of Al(III) and Al13 on Km and Vmax of MDH (pH 7.5, 25 °C). 
  Vmax (mM·min
−1) Km (μM) 
Al(III) (μM)   
0   28.1  23.8 
30 30.3  16.1 
Nano-Al13 (μM)    
0 28.3  23.5 
30 28.5  13.6 Sensors 2011, 11                              
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3.4. Effects of Al(III) and Al13 on MDH Activity at Different pH Values 
 
The effects of Al(III) and Al13 on the v0 of the oxaloacetate reduction reaction catalyzed by MDH at 
different pH values were examined successfully by the amperometric i-t curves. As shown in  
Figure 3(A,B), the activation effects of Al(III) and Al13 reach a maximum level with the increase of 
Al(III) and Al13 concentration, while the maximum points were different at various pH values. The 
possible reason is that Al(III) and Al13 may exist in various speciations at different pH values, and they 
display different biological effects on MDH. As shown in Figure 3(A), at pH 6.5 Al(III) displayed the 
strongest effect on MDH activity, and the effect was reduced as the pH increased. The differences of 
the Al(III) effect with pH may be due to fact that the Al(III) speciation gives forms that interact more 
effectively with the MDH enzyme and become dominant at lower pH. It is worth noticing that unlike 
those of Al(III), the activating effects of Al13 were highest at pH 7.5 [Figure 3(B)]. The phenomenon 
could be explained that the fact the stability of Al13 varied with pH. While Al13 is stable at pH 7.5, it 
may be depolymerized at pH 8.5 and 6.5. 
 
Figure 3. The effects of Al(III) and Al13 on the v0 of the oxaloacetate reduction reaction in 
a well-stirred assay mixture: 1 mM oxaloacetate + 1 mM NADH
 + 100 mM Tris-HCl 
buffer at different pH. Reaction was initiated by addition of 10 μL MDH. (A): (a) pH 8.5  
(b) pH7.5 (c) pH 6.5 (B): (a) pH 8.5 (b) pH 7.5 (c) pH 6.5. 
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3.5. Effects of Other Aluminum Species and Interference Factors on the MDH Activities 
 
It has been proved that not all chemical forms of aluminum are equally toxic. In our research, the 
effects of different species of aluminum on the MDH activity were explored as shown in Figure 4. The 
curves c and d indicate that Al-F and Al-citrate have little effect on the activity of MDH, and Al-oxalic 
acid has a small effect, as shown in curve e, which may due to their different complexation ability. 
Al(III) and Al13 influenced the MDH activity seriously and Al13 displayed the largest inhibition (curves 
f and g) and the proposed explanation is as follows: the F, citrate and oxclic acid ligands have stronger 
complexation ability towards Al than NADH and MDH, thereby, Al interacted preferentially with 
those ligands and displayed little effects on the activity of NADH and MDH. However, Al(III) and Al13 Sensors 2011, 11                              
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could interact with NADH and MDH because of the absence of other ligands in the assay. Moreover, 
the effects of other factors such as GSSG and D-Glu on the enzyme was also investigated, and the 
results showed that there is almost no effects on the activity of MDH, as shown in curves a and b.   
 
Figure 4. The effects of Al species and other interference factors on the activity of MDH. 
(pH 7.5) (a) GSSG (b) D-Glu (c) Al-F (d) Al-citrate (e) Al-oxalic acid (f) Al(III) (g) Al13. 
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3.6. Proposal Explanation of the Activating Effects of Al(III) and Al13 on MDH 
 
It is known that Al speciation generally inactivates enzyme activity as shown in previous 
investigations [35,36], Recent research [45-47] on the chemical structure of Al complexes has shown 
that the Al atom binds to the oxygen atoms in carboxyl groups by coordinated bonds, but in this work 
we have found that some Al species could activate MDH, so an explanation is called for. The 
activating effect of Al(III) and Al13 may be explained from two aspects. 
On the one hand, from the point of view of the mechanism of the enzyme-catalyzed reaction, the 
initial enzyme-catalyzed reactions steps involve the binding of the substrate and coenzyme to the 
enzyme surface and the enzyme will orient these reactants relative to each other to form an 
enzyme-substrate-coenzyme complex. During the reaction of oxaloacetate reduction, the NADH was 
oxidized to NAD
+. After the catalyzed reaction is completed, the enzyme opens up again to let the 
products leave and to prepare for the next substrate, and in the whole reaction the dissociation step of 
enzyme-product complex was the key stage [39]. It has been proved that Al(III) and Al13 could 
strongly bind with the adenine N7 and pyrophosphate free oxygen function groups of NAD
+ [48], so 
we conjectured that Al(III) and Al13 would interrupt the binding of NAD
+ to MDH by combining 
preferentially to NAD
+, which could enhance the dissociation of the NAD
+-MDH complex. The 
enhanced dissociation could accelerate the equilibrium reaction of oxaloacetate reduction moving 
towards the negative direction. 
On the other hand, the conformational change of MDH caused by the direct interaction of Al(III) 
and Al13 to MDH would contribute to the activating effect. To further explore the conformational 
change of MDH, circular dichroism (CD) was used to indicate that the binding of aluminum to the 
enzyme would induce a transformation between α-helices and β-sheets and random coils, which results Sensors 2011, 11                              
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in a change of enzyme activity. The CD spectral of MDH undergoes a rapid change in the presence of 
Al(III) and Al13, as shown in Figure 5. We can observe a increase in the CD spectra intensity of MDH 
in the far-UV region upon addition of Al(III) (curve b), which indicates an alteration in the secondary 
structure of the enzyme. It is well known that the split-hump in the far-UV region is the typical 
spectrogram of the α-helix structure of proteins
 [49], so the appearance of a split-hump in the far-UV 
region in the CD spectra of MDH upon addition of Al13 indicates that the presence of Al13 could 
increase the amount of α-helix structure of MDH, which may make it more easy for the substrate to 
access the active site of the enzyme. 
 
Figure 5. CD spectra of MDH in absence and presence of Al(III) and Al13 (a) native MDH 
(b) MDH + Al(III) (c) MDH+Al13. 
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The reason that Al13 exhibited a stronger effect on the activity of MDH may be on account of the 
larger surface effects of Al13 clusters formed in aqueous solution. A model has been built to show the 
backbone structure of the aluminum clusters, from which we may draw the conclusion that Al(III) 
clusters could exert a strong effect on biomolecules. The increased active sites on the surface make it 
possible to develop more significant interactions between ligands and the cluster surface. Of course, 
there are 13 aluminum atoms in one Al13 molecule which is 13-fold more than in than free Al(III) and 
this automatically results in a greater effect for the concentration. However, we viewed Al13 as an 
independent species to discuss the inhibitory ability rather than as 13 aluminum atoms. As a matter of 
fact, the interaction between Al13 and biomolecules was not simply a “sample plus 13 free Al(III) 
atoms” one. In our studies, we paid attention to investigating the efficacy of aluminum speciation on 
the biological system. Of course, our proposal explanation could primarily discuss the activating 
effects of Al species on the activity of MDH. However, it is indeed true that aqueous Al would have 
undergone a process of ongoing Al polymerization, and the toxicity of aluminum is a matter of 
reaction kinetics, where the degree of ongoing Al polymerization is the most important [50], so it is 
both significant and valuable to explore more thoroughly the mechanism.   
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4. Conclusions   
 
In summary, the effects of aluminum species on the activity of MDH have been successfully 
investigated by electrochemical methods on a functionalized MWNT-GCE. The results showed that 
the proposed technique was a powerful tool for the determination of the enzyme activity. Our studies 
also showed that the effects of different aluminum species on the activity of MDH were not equal, and 
the nanopolynuclear Al13 displayed the strongest effect on the enzyme activity. At the meantime, the 
proposed mechanism of the effect of aluminum was discussed from several different points of view. 
However, the interaction between aluminum and the enzyme system was complicated by the 
mechanisms of the molecular interactions and the surface action needs to be further studied. 
 
Acknowledgments 
 
The project is supported by the National Natural Science Foundations of China (Grant Nos. 
20875047, 20902048,  40901139 and 40871144) and NSFC-JST Joint Research Program 
(30821140538). Also, we thank for Research Funding from MOE Key Laboratory of Analytical 
Chemistry for Life Science (KLACLS07006) and Research Funding from the State Key Laboratory of 
Soil and Sustainable Agriculture (0812000031). The project is also funded by the Project Academic 
Program Development of Jiangsu Higher Education Institution. 
 
References  
 
1.  Ma, J.F.; Zheng, S.J.; Matsumoto, H.; Hiradate, H. Detoxifying aluminium with buckwhea. 
Nature 1997, 390, 569-570. 
2.    Louie, A.Y.; Meade, T.J. Metal complexes as enzyme inhibitors. Chem. Rev. 1999, 99, 2711-2723. 
3.  Ma, J.F.; Ryan, P.R.; Delhaize, E. Aluminium tolerance in plants and the complexing role of 
organic acids. Trends Plant Sci. 2001, 6, 273-278. 
4.   Darbre, P.D. Underarm cosmetics are a cause of breast cancer. Eur. J. Cancer Prev. 2001, 10, 
389-393.  
5.  Exley, C. Aluminium and Alzheimer’s Disease: The Science that Describes the Link; Elsevier 
Science: Amsterdam, The Netherlands, 2001.   
6.   Flaten, T.P. Aluminium as a risk factor in Alzheimer’s disease, with emphasis on drinking water. 
Brain Res. Bull. 2001, 55, 187-196. 
7.   Polizzi, S.; Pira, E.; Ferrara, M.; Bugiani, M.; Papaleo, A.; Albera, R.; Palmi, S. Neurotoxic 
effects of aluminium among foundry workers and Alzheimer’s disease. Neurotoxicology 2002, 23, 
761-774. 
8.   Orihuela, D.; Meichtry, V.; Pizarro, M. Aluminium-induced impairment of transcellular calcium 
absorption in the small intestine: Calcium uptake and glutathione inﬂuence. J. Inorg. Biochem. 
2005, 99, 1879-1886. 
9.   Alfrey, A.C.; LeGendre, G.R.; Kaehny, W.D. The dialysis encephalopathy syndrome. Possible 
aluminum in toxication. N. Engl. Med. 1976, 294, 184-188. Sensors 2011, 11                              
 
5751
10.   Exley, C.; Lisa, M.C.; Barr, L.; Martin, C.; Anthony, P.; Darbre, P.D. Aluminium in human breast 
tissue. J. Inorg. Biochem. 2007, 101, 1344-1346. 
11.   Exley, C. The pro-oxidant activity of aluminum. Free Radic. Biol.Med. 2004, 36, 380-387. 
12.  Khan, A.; Dobson, J.P.; Exley, C. Redox cycling of iron by Aβ42. Free Radic. Biol. Med. 2006, 40, 
557-569.  
13.   Zatta, P.; Lain, E.; Cagnolini, C. Effects of aluminum on activity of Krebs cycle enzymes and 
glutamate dehydrogenase in rat brain homogenate. Eur. J. Biochem. 2000, 267, 3049-3055. 
14.   Maynard, A.D.; Aitken, R.J.; Butz, T.; Colvin, V.; Donaldson, K.; Oberdorster, G.; Philbert, M.A.; 
Ryan, J.; Seaton, A.; Stone, V.; Tinkle, S.S.; Tran, L.; Walker, N.J.; Warheit, D.B. Safe handling of 
nanotechnology. Nature 2006, 444, 267-269. 
15.   Dunphy, N.; Katherine, A.; Margaet, R.; Jillian, F. Environmental risks of nanotechnology: 
National nanotechnology initiative funding, 2000–2004. Environ. Sci. Technol.  2006,  40, 
1401-1407. 
16.   Haasch, M.L.; Zhu, S.Q.; Oberdorster, E. Toxicity of an engineered nanoparticle (fullerene, C60) 
in two aquatic species, daphnia and fathead minnow. Mar. Environ. Res. 2006, 62, S5-S9. 
17.   Kovochich, M.; Xia, T.; Brant, J.; Hotze, M.; Sempf, J.; Oberley, T.; Sioutas, C.; Yeh, J.I.;  
Wiesner, M.R.; Nel, A.E. Comparison of the abilities of ambient and manufactured nanoparticles 
to induce cellular toxicity according to an oxidative stress paradigm. Nano Lett.  2006,  6, 
1794-1807. 
18.   Lyon, D.Y.; Adams, L.K.; Falkner, J.C.; Alvarez, P.J.J. Antibacterial activity of fullerene water 
suspensions: Effects of preparation method and particle size. Eniron. Sci. Technol. 2006, 40, 
4360-4366. 
19.   Chen, Z.Y.; Luan, Z.K.; Fan, J.F.; Zhang, Z.G.; Peng, X.J.; Fan, B. Effect of thermal treatment on 
the formation and transformation of Keggin Al13 and Al30 species in hydrolytic polymeric 
aluminum solutions. Colloids Surf. A Physicochem. Eng. Asp. 2007, 292, 110-118. 
20.   Teagaradeu, D.L.; Kozlowski, J.F.; White, J.L.; Hem, S.L. Aluminum chlorohydrate structure 
studies. J. Pharm. Sci. 1981, 70, 758-761. 
21.  Van Bruggen, M.P.B.; Donker, M.; Lekkerkerker, H.N.W.; Hughes, T.L. Anomalous stability of 
aqueous boehmite dispersions induced by hydrolyzed aluminium poly-cations. Colloids Surf. 
1999, 150, 115-128. 
22.  Phillips, B.L.; Lee, A.P.; Casey, W.H. Rates of oxygen exchange between the Al2O8Al28(OH)56 
(H2O)24
18+ (aq) (Al30) molecule and aqueous solution. Geochim. Cosmochim. Acta  2003,  67, 
2725-2733. 
23.  Casey,W.H. Large aqueous aluminum hydroxide molecules. Chem. Rev. 2006, 106, 1-16. 
24.   Parent, L.; Campbell, P.G.C. Aluminum bioavailability to the green alga Chlorella pyrenoidosa in 
acidiﬁed synthetic soft water. Environ. Toxicol. Chem. 1994, 13, 587-598. 
25.   Hunter, D.; Ross, D.S. Evidence for a phytotoxic hydroxyl-aluminum polymer in organic soil 
horizons. Science 1991, 251, 1056-1058. 
26.  Masion, A.; Thomas, F.; Tchoubar, D.; Tekely, B.P. Chemistry and structure of Al(OH)/organic 
precipitates. As mallangle X-ray scattering study. 3. Depolymerization of the Al13 polycation by 
organic ligands. Langmuir 1994, 10, 4353-4356. Sensors 2011, 11                              
 
5752
27.   Furrer, G.; Trusch, B.; Muller, C. The formation of polynuclear Al13 under simulated natural 
conditions. Geochim. Cosmochim. Acta 1992, 56, 3831. 
28.  Valeswara Rao, G.; Jagannatha Rao, K.S. Evidence for a hydroxyl-aluminium polymer (Al13) in 
synaptosomes. FEBS Lett. 1992, 311, 49-50. 
29.  Furrer, G.; Phillips, B.L.; Ulrich, K.U.; Pöthig, R.; Casey, W.H. The origin of aluminum flocs in 
polluted streams. Science 2002, 297, 2245-2247. 
30.   Poleo, A.B.S. Aluminum polymerization—a mechanism of acute toxicity of aqueous aluminum to 
fish. Aquat. Toxicol. 1995, 31, 347-352. 
31.   Goward, C.R.; Nicholls, D.J. Malate dehydrgenase: A model for structure, evolution and catalysis. 
Protein Sci. 1994, 3, 1882-1888 
32.   Jensen, W.A.; Armstrong, J.M.D.; Giorgio, J.D.; Hearn, M.T.W. Stability studies on pig heart 
mitochondrial malate dehydrogenase: The effect of salts and amino acids. Biochim. Biophys. Acta 
1996, 1296, 23-34. 
33.  Sanchez, S.A.; Hazlett, T.L.; Brunet, J.E.; Jameson, D.M. Aggregation states of mitochondrial 
malate dehydrogenase. Protein Sci. 1998, 7, 2184-2189. 
34.   Gao, X.X.; Xin, W.K. Study of the effect of lanthanide ions on the kinetics of glutamate 
dehydrogenase by a chronoamperometric method. Analyst 1996, 121, 687-690. 
35.   Bi, S.P.; Yao, K.A.; Wang, N.; Zhuang, J.Y.; Yang, Z.B.; Ni, H.Y.; Xu, Q.; Sun, C. Studies on the 
effects of Al(III) on the lactate dehydrogenase activity by differential pulse voltammetry. Talanta 
2007, 73, 529-533. 
36.  Yang, X.D.; Li, L.F.; Bi, S.P. Electrochemical studies of the inhibition and activation effects of 
Al(III) on the activity of bovine liver glutamate dehydrogenase. Sensors 2005, 5, 235-244. 
37.   Zhuang, Q.K.; Gan, Z.H.; Zhao, Q.; Gu, Z.N. Electrochemical studies of single-wall carbon 
nanotubes as nanometer-sized activators in enzyme-catalyzed reaction. Anal. Chim. Acta 2004, 
511, 239-247. 
38.  Kirk, A.D.; Gerald, B.; Porter, M.A.; Scandola, R. The effect of pressure on the photochemistry 
of tris(bipyridyl) chromium(III) ion. Inorg. Chim. Acta 1984, 9, 161-164. 
39.   Zhuang, Q.K.; Dai, H.C. Electrochemical and Raman spectroscopic studies of the effect of 
lanthanide ions on the activity of mitochondrial malate dehydrogenase. J. Electroanal. Chem. 
2001, 499, 24-29. 
40.   Rustin, P.; Valat, M. The control of malate dehydrogenase activity by adenine nucleotides in 
purified potato tuber (Solanum tuberosum L.) mitochondria. Arch. Biochem. Biophys. 1986, 247, 
62-67. 
41.  Ju, H.X.; Wu, L.N.; Zhang, X.J. Detection of NADH and ethanol based on catalytic activity of 
soluble carbon nanofiber with low overpotential. Anal. Chem. 2007, 79, 453-458. 
42.   Hu, C.Z.; Liu, H.J.; Qu, J.H. Preparation and characterization of polyaluminum chloride 
containing high content of Al13 and active chlorine. Colloids Surf. A Physicochem. Eng. Asp. 2005, 
260, 109-117. 
43.  Shi, B.Y.; Li, C.H.; Wang, D.S.; Tang, H.X. Separation of Al13 from polyaluminum chloride by 
sulfate precipitation and nitrate metathesis. Separ. Purif. Tech. 2007, 54, 88-95. 
44.  Martinoia, E.; Rentsch, D. Malate compartmentation: Responses to a complex metabolism. Ann. 
Rev. Plant Physiol. Plant Mol. Biol. 1994, 45, 447-467. Sensors 2011, 11                              
 
5753
45.   Ma, Z.; Miyasaka, S.C. Oxalate exudation by taro in response to Al. Plant Physiol. 1998, 118, 
861-865. 
46.   Schulze, J.; Tesfaye, M.; Litjens, R.H.M.G.; Bucciarelli, B.; Trepp, G.; Miller, S.; Samac, D.; 
Allan, D.; Vance, C.P. Malate plays a central role in plant nutrition. Plant Soil 2002, 247, 133-139.   
47.   Copeland, L.; Lima, M.L. The effect of aluminum on enzyme activities in wheat root. J. Plant 
Physiol. 1992, 40, 641-645. 
48.   Yang, X.D.; Bi, S.P.; Yang, X.L.; Yang, L.; Hu, J.; Liu, J.; Yang, Z.B. NMR spectra and 
potentiometry studies of aluminum (III) binding with coenzyme NAD
+ in acidic aqueous 
solutions. Anal. Sci. 2003, 19, 815-821. 
49.  Greenfieldi, N.; Fasman, G.D. Computed circular dichroism spectra for the evaluation of protein 
conformation. Biochemistry 1969, 8, 4108-4116. 
50.  Exley, C.; Wicks, A.J.; Hubert, R.B.; Birchall, J.D. Polynuclear aluminium and acute aluminium 
toxicity in the fish. J. Theor. Biol. 1994, 167, 415-416. 
© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 